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Establishing	the	body	plan	of	a	multicellular	organism	relies	on	precisely	orchestrated	cell	divisions	
coupled	 with	 pattern	 formation.	 In	 animals,	 cell	 proliferation	 and	 embryonic	 patterning	 are	
regulated	 by	 Polycomb	 group	 (PcG)	 proteins	 that	 form	 various	 multisubunit	 complexes	
(Grossniklaus	and	Paro,	2014).	The	evolutionary	conserved	Polycomb	Repressive	Complex	2	(PRC2)	
trimethylates	histone	H3	at	lysine	27	(H3K27me3)	and	comes	in	different	flavors	in	the	model	plant	
Arabidopsis	 thaliana	 (Förderer	 et	 al.,	 2016;	 Grossniklaus	 and	 Paro,	 2014).	 The	 histone	
methyltransferase	 MEDEA	 (MEA)	 is	 part	 of	 the	 FERTILIZATION	 INDEPENDENT	 SEED	 (FIS)-PRC2	
required	 for	 seed	 development4.	 Although	 embryos	 derived	 from	 mea	 mutant	 egg	 cells	 show	
morphological	 abnormalities	 (Grossniklaus	 et	 al.,	 1998),	 defects	 in	 the	 development	 of	 the	
placenta-like	 endosperm	are	 considered	 the	main	 cause	 of	 seed	 abortion	 (Kinoshita	 et	 al.,	 1999;	
Scott	 et	 al.,	 1998),	 and	 a	 role	 of	 FIS-PRC2	 in	 embryonic	 patterning	was	 dismissed	 (Bouyer	 et	 al.,	
2011;	 Leroy	 et	 al.,	 2007).	 Here,	 we	 demonstrate	 that	 endosperm	 lacking	MEA	 activity	 sustains	
normal	 embryo	 development	 and	 that	 embryos	 derived	 from	mea	 mutant	 eggs	 abort	 even	 in	
presence	 of	 a	 wild-type	 endosperm	 because	MEA	 is	 required	 for	 embryonic	 patterning	 and	 cell	
lineage	 determination.	 We	 show	 that,	 similar	 to	 PcG	 proteins	 in	 mammals,	 MEA	 regulates	
embryonic	 growth	 by	 repressing	 the	 transcription	 of	 core	 cell	 cycle	 components.	 Our	 work	
demonstrates	that	Arabidopsis	embryogenesis	is	under	epigenetic	control	of	maternally	expressed	




A	 fundamental	 question	 in	 developmental	 biology	 is	 how	 cells	 acquire	 and	maintain	 their	 identity	
over	 time.	Most	cell	 types	are	specified	during	embryonesis	 (Stent,	1985)	and	PcG	proteins	play	an	








inheriting	 maternal	 mutant	 alleles	 of	 FIS	 class	 genes	 abort	 due	 to	 a	 failure	 in	 endosperm	
cellularization	and	embryonic	growth	arrest,	regardless	of	the	paternal	genotype.	This	maternal	effect	
is	observed	because	MEA	and	FIS2	are	regulated	by	genomic	imprinting,	 leading	to	parent-of-origin-
dependent	allelic	 expression	 (Jullien	et	 al.,	 2006;	Kinoshita	et	 al.,	 1999;	Vielle-Calzada	et	 al.,	 1999).	
This	form	of	epigenetic	gene	regulation	evolved	independently	in	seed	plants	and	mammals,	where	it	
plays	 a	prominent	 role	 in	 the	placenta	and	 is	 required	 for	normal	 embryonic	development	 (Barlow	
and	 Bartolomei,	 2014;	 Ferguson-Smith,	 2011).	 Although	 mutants	 affecting	 FIS-PRC2	 components	
produce	embryos	with	 increased	cell	proliferation	and	disorganized	division	planes	 (Grossniklaus	et	
al.,	1998;	Ohad	et	al.,	1999),	embryo	abortion	was	considered	to	indirectly	result	from	defects	in	the	
endosperm(Kinoshita	 et	 al.,	 1999;	 Scott	 et	 al.,	 1998).	 Moreover,	 fie	 homozygous	 seeds	 develop	
normally	 (Bouyer	 et	 al.,	 2011),	 and	 embryo	 rescue	 of	mea	 seeds	 produces	wild-type	 looking	 albeit	
sterile	 plants	 (Grossniklaus	 et	 al.,	 1998),	 indicating	 that	 FIS-PRC2	 is	 not	 essential	 for	 embryonic	
development	(Kiyosue	et	al.,	1999;	Leroy	et	al.,	2007).	However,	in	none	of	the	previous	studies	could	
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embryonic	 requirement	 of	MEA,	we	 aimed	 to	 generate	 seeds	with	 genetically	 distinct	 embryo	 and	
endosperm.	 Such	 seeds	 can	 be	 obtained	 by	 two	 consecutive	 single	 fertilization	 events:	 the	 first	 is	
achieved	with	pollen	containing	a	single	sperm	that	fertilizes	either	the	egg	or	the	central	cell	(Figure	





plants	 with	 kpl	 pollen	 carrying	 the	 GFP	 reporter	 gene	 under	 control	 of	 the	 pRPS5a	 promoter	
(pRPS5a::GFP,	 referred	 to	 as	 kpl+GFP),	 which	 is	 active	 in	 embryo	 and	 endosperm	 (Weijers	 et	 al.,	
2001).	 In	 crosses	 between	 wild-type	 and	 kpl+GFP	 plants,	 80.8%	 of	 the	 seeds	 underwent	 double	
fertilization,	producing	viable	seeds	(n=631;	Figure	S1A).	This	percentage	increased	to	95.1%	upon	a	
second	pollination	with	wild-type	pollen	 (n=645,	 Figure	1B,	 Figure	S1A).	As	expected,	pollination	of	
mea	homozygotes	with	kpl+GFP	pollen	did	not	rescue	seed	abortion	since	the	paternal	MEA	allele	is	
inactive	(Grossniklaus	et	al.,	1998;	Kinoshita	et	al.,	1999;	Vielle-Calzada	et	al.,	1999)(n=692;	Figure	1B,	
Figure	 S1A).	 As	 second	 pollen	 donor,	 we	 used	 a	 transgenic	 line	 harboring	 the	 constructs	
pRPS5a::MEA,	allowing	paternal	expression	of	MEA	soon	after	fertilization,	and	pRPS5a::RFP	(referred	
to	 as	MEA-rescue+RFP),	which	 complemented	 44.8%	of	 the	mea	 homozygous	 seeds	 (n=665,	 Figure	
1B,	Figure	S1A).	In	consecutive	pollinations	with	kpl+GFP	followed	by	MEA-rescue+RFP	pollen,	2.8%	of	
mea	 ovules	 developed	 into	 viable	 seeds	 (n=1056,	 Figure	 1B,	 Figure	 S1A).	Given	 their	 fluorescence	
profile,	 the	 seeds	 were	 classified	 as	 follows	 (n=837;	 Figure	 1C-F):	 GFP-positive	 endosperm	 and	
embryo	 (88.6%,	 Figure	 1C);	 RFP-positive	 endosperm	 and	 embryo	 (6.1%,	 Figure	 1D);	 RFP-positive	
endosperm	and	GFP-positive	embryo	(3.1%,	Figure	1E);	and	GFP-positive	endosperm	and	RFP-positive	
embryo	 (2.2%,	 Figure	 1F).	 The	 latter	 two	 classes	 originated	 from	 two	 single	 fertilization	 events	
resulting	in	seeds	harboring	genetically	distinct	embryo	and	endosperm	as	only	one	of	them	carried	
MEA-rescue.	Eight	days	after	the	consecutive	pollinations,	when	wild-type	seeds	harbored	embryos	at	
the	bent	 cotyledon	 stage	 (Figure	1G),	we	observed	 five	phenotypic	 classes	among	 cleared	 seeds	of	
mea	siliques	(n=1235;	Figure	1H-L):	mea-looking	seeds	with	embryos	arrested	around	the	heart	stage	
and	 uncellularized	 endosperm	 (84.3%,	 Figure	 1H);	 seeds	 without	 visible	 embryos	 (5.6%,	 Figure	 1I)	
originating	 from	 either	 single	 fertilization	 events	 of	 the	 central	 cell	 or	 autonomous	 endosperm	
development;	wild-type	 looking	seeds	 (4.2%,	Figure	1J)	derived	 from	double	 fertilization	with	MEA-
rescue+RFP	 pollen;	 seeds	with	abnormal	embryos	arrested	around	 the	heart	 stage	and	cellularized,	
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wild-type	 looking	 endosperm	 (2.7%,	 Figure	 1K);	 and	 seeds	 with	 wild-type	 looking	 embryos	 at	 the	
walking-stick	stage	surrounded	by	uncellularized	endosperm	(3.2%,	Figure	1L,	Figure	S1C).	Single-seed	
genotyping	of	the	last	class	by	droplet	digital	PCR	(ddPCR)	confirmed	that	they	carried	both	the	GFP	
and	 RFP	 transgenes	 (n=46;	 Figure	 S1D).	 Given	 that	 kpl+GFP	 alone	 does	 not	 rescue	 defective	mea	




endosperm	 (Figure	 1K).	 Our	 analysis	 revealed	 that	 the	 failure	 in	 endosperm	 proliferation	 and	
cellularization	in	mea	seeds	does	not	cause	abortion	of	the	embryo	because	MEA-rescued	embryos,	




Embryos	originating	 from	mea	 eggs	 (referred	 to	 as	mea	 embryos)	 develop	as	disorganized	mass	of	
cells	with	small,	asymmetric	cotyledons	and	an	enlarged	root	meristem	(Grossniklaus	et	al.,	1998).	To	
characterize	 the	 defects	 at	 cellular	 resolution,	 we	 performed	 a	 modified	 pseudo-Schiff	 Propidium	
Iodide	staining	(mPS-PI)	of	siliques	from	mea/MEA	heterozygotes	(Figure	2A-C,	Figure	S2A-B),	where	a	
1:1	 segregation	 of	 wild-type	 and	mea	 embryos	 is	 expected.	 At	 the	 globular	 stage,	 29.2%	 of	 the	
embryos	 showed	 ectopic	 cell	 divisions	 in	 the	 basal	 part	 of	 the	 embryo,	 such	 that	 they	 became	
almond-shaped	 (n=48;	 Figure	 2A-B,	 Figure	 S1A-B).	 Disorganized	 and	 excessive	 cell	 divisions	 are	
characteristic	for	the	basal	part	of	mea	embryos	throughout	development	(Figure	2A-C,	Figure	S2A-C).	
At	 late	 heart	 stage,	 when	 wild-type	 embryos	 contained	 five	 to	 seven	 cells	 in	 the	 columella	 and	
quiescent	 center	 (QC)	 region,	 this	 region	 contained	 between	 seven	 and	 18	 cells	 in	mea	 embryos	
(n=120;	Figure	2C,	Figure	S2D).	Consequently,	the	pyramidal	organization	typical	of	this	part	of	wild-
type	root	meristems	was	replaced	by	a	mass	of	globularly	arranged	cells	in	mea	embryos	(Figure	2C,	
Figure	 S2B).	 Consistent	with	 root	meristem	 defects,	 when	 grown	 on	 vertical	 plates,	mea	 seedlings	
exhibited	 severe	 agravitropic	 growth	 and	 the	 primary	 root	 made	 loops,	 upward	 turns,	 displayed	
twisted	epidermal	cells,	and	an	altered	columella	root	tip	organization	(n=	76;	Figure	2D-I,	Figure	2E).		
The	morphological	defects	of	mea	embryos	are	reminiscent	of	mutants	with	compromised	embryonic	
patterning	 (Jenik	 et	 al.,	 2007;	 Möller	 and	 Weijers,	 2009).	 To	 verify	 this	 hypothesis,	 we	 crossed	
mea/MEA	 with	 a	 set	 of	 tissue-specific	markers	 for	 distinct	 embryonic	 domains	 (Figure	 3A):	 apical-
basal	 patterning	 (DR5V2	 and	 pPIN7::PIN7-GFP,	 Figure	 3B-D,	 Figure	 S3A,B),	 root	 tip	 architecture	
(pPLT1::PLT1-YFP	and	pBBM::BBM-YFP,	Figure	3B,E-F,	Figure	S3C,D),	provasculature	(pTMO5::3xGFP,	
Figure	3B,G-H,	Figure	S3E),	endodermis	 (pSCR::SCR-GFP,	Figure	3B,i-J,	Figure	S3F),	QC	establishment	
(pWOX5::dsRED,	 Figure	 3B,K-L,	 Figure	 S3G),	 and	 shoot	 apical	 meristem	 specification	 (SAM;	
pWUS::dsRED	and	pCLV3::GFP,	Figure	3B,M-P,	Figure	S3H-I).	We	observed	severely	altered	expression	
patterns	 of	 markers	 for	 different	 root	 regions,	 including	 expansion	 of	 the	 expression	 domain	
(pPLT1::PLT1-YFP,	pBBM::BBM-YFP,	pPIN7-PIN7::GFP,	Figure	3F,	Figure	S3C-D),	ectopic	expression	in	a	
different	 embryonic	 region	 (DR5V2,	pTMO5::3xGFP,	 Figure	3D,H,	 Figure	 S3A,E),	 and	 absence	of	 the	
signal	suggesting	loss	of	cellular	identity	(pSCR::SCR-GFP	and	pWOX5::dsRED,	Figure	3J,L,	Figure	S3G).	
Consistent	with	 the	 fact	 that	 cotyledons	 in	mea	 embryos	 are	only	mildly	 affected,	 the	 shoot	 apical	
meristem	domain	was	properly	specified	with	only	a	small	percentage	of	embryos	showing	weak	or	
ectopic	marker	expression	(pWUS::dsRED	and	pCLV3::GFP,	Figure	M-P,	Figure	S3H-I).		
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MEA	 is	 required	 for	 proper	 embryonic	 patterning.	 Thus,	 in	 Arabidopsis,	 the	 spatial	 and	 temporal	






at	 three	 time	points:	 before	 fertilization	 (Ovary),	 one-two	days	 after	pollination	 (1-2DAP),	 and	 four	
days	 after	 pollination	 (4DAP).	 As	 absence	 of	 PRC2	 activity	 leads	 to	 transcriptional	 de-repression	
(Kirmizis	 et	 al.,	 2004),	 we	 focused	 on	 genes	 showing	 significant	 up-regulation	 in	 mea	 mutants	







predominant	 representation	 of	 factors	 involved	 in	 transcription,	 transport,	 enzymatic	 activity,	
hormone	 homeostasis,	 and	 the	 regulation	 of	 cell	 cycle	 (Figure	 4A).	We	 focused	 on	 the	 latter	 since	





nuclei),	 whereas	 the	 second	 had	 a	 low	 G1/G2	 ratio.	 At	 heart	 and	 late	 heart	 stages,	 when	 mea	
embryos	are	clearly	distinguishable	from	the	wild	type,	all	embryos	with	a	low	G1/G2	ratio	displayed	
the	mea	phenotype	 (Figure.4E-F).	 As	 CFP	 is	 fused	 to	 the	 CTD1a	 protein,	which	 is	 rapidly	 degraded	
upon	entry	into	S-phase,	a	low	number	of	CFP-positive	nuclei	indicates	that	more	cells	have	entered	
S-phase	and	are	thus	committed	to	divide.		






Accelerated	 and	 disorganized,	 ectopic	 cell	 divisions	 arise	 from	 the	 deregulation	 of	 cell	 cycle	
components	(Gutierrez,	2009).	D-type	cyclins	(CYCD)	are	conserved	core	constituents	of	the	cell	cycle	
machinery	that	integrate	cell	division	and	tissue	patterning	by	promoting	the	G1-S	transition	(Meijer	
and	Murray,	 2000).	 Altered	 CYCD	 levels	 are	 sufficient	 to	 induce	 cell	 division	 by	 shortening	 the	 G1	
phase	and	to	trigger	formative	division	defects	(Forzani	et	al.,	2014;	Sozzani	et	al.,	2010),	a	phenotype	
we	 observed	 in	 mea	 embryos.	 CYCD1;1	 was	 specifically	 up-regulated	 at	 4DAP	 in	 mea	 seeds	
(Supplementary	Table	1)	and	its	increased	expression	was	confirmed	by	ddPCR	on	RNA	isolated	from	
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embryos	 around	 the	 early	 globular	 stage	 (Figure	 S5A).	 Visualization	 of	 a	 pCYCD1;1::NLS-3xVenus-
3’UTR	marker	 line	 revealed	ectopic	expression	of	CYCD1;1	 in	 the	basal	part	of	almond-shaped	mea	
embryos	 (16.4%,	 n=104;	 Figure	 5A,	 Figure	 S5A-C).	 Notably,	 the	 signal	 was	 undetectable	 in	 the	
endosperm	and	sibling	wild-type	embryos	(Figure	5A),	identifying	CYCD1;1	as	potentially	responsible	
for	 the	mea	 embryonic	patterning	defects.	 In	 line	with	 this	 hypothesis,	 seed	abortion	was	 reduced	
from	 50%	 in	mea/MEA	 plants	 to	 35.5%	 in	mea/MEA	 cycd1;1	 double	 mutants	 (n=816;	 Figure	 5B).	
Analysis	of	the	F3	generation	confirmed	that	the	rescued	seeds	had	inherited	a	maternal	mea	allele,	
with	8.0%	of	the	progeny	of	mea/MEA	cycd1;1	plants	being	homozygous	for	mea	(n=226;	Figure	5B).	
Doubly	 homozygous	 mea	 cycd1;1	 plants	 exhibited	 41.2%	 viable	 seeds	 (n=1883)	 of	 swollen	 and	
rounded	appearance,	mea-like	endosperm,	and	mildly	deformed	giant	embryos	 (Figure	5C-E;	Figure	
S6A)	with	 a	 significantly	 reduced	 number	 of	 cells	 in	 the	 columella/QC	 region	 as	 compared	 to	mea	
(Figure	 5F,	 Figure	 S6B-F).	 As	 a	 consequence	 of	 the	 less	 disorganized	 root	 meristem,	mea	 cycd1-1	
seedlings	showed	restoration	of	the	primary	root’s	gravitropic	response	(Figure	5G,	Figure	S7A).	These	
results	 unequivocally	 demonstrate	 that	 the	 removal	 of	CYCD1;1	 activity	 is	 sufficient	 to	 rescue	mea	
embryos	 and	 leads	 to	 a	 bypass	 of	 growth	 arrest	 even	 if	 they	 are	 surrounded	 by	 abnormal	mea	
endosperm.		
In	 agreement	 with	 CYCD1;1	 being	 able	 to	 impose	 abnormal	 embryonic	 cell	 divisions,	 ectopic	
expression	of	CYCD1;1	 in	embryos	 induced	seed	abortion	 ranging	 from	5	 to	20%	(pRPL18::CYCD1;1;	
Figure	S7B,C),	with	embryos	arrested	at	the	late	globular	stage	and	exhibited	proliferation	defects	in	
the	basal	part	 (13.8%,	n=894,	Figure	S7C),	 reminiscent	of	almond-shaped	mea	 embryos	at	a	 similar	
stage	(Figure	2B).	Furthermore,	31.2%	of	the	viable	embryos	showed	aberrant	division	planes	in	the	
root	 meristem	 (n=461,	 Figure	 S7D).	 Remarkably,	 albeit	 pRPL18	 driving	 expression	 also	 in	 the	
endosperm	 (Yan	 et	 al.,	 2016)	 (Figure	 S7E),	 none	 of	 the	 18	pRPL18::CYCD1;1	 lines	 analyzed	 showed	
abnormal	endosperm	proliferation	and/or	cellularization	(Figure	S7C).	These	results	show	that	ectopic	
expression	of	CYCD1;1	 is	 sufficient	 to	phenocopy	 the	patterning	defects	observed	 in	mea	 embryos,	
independent	of	the	genotype	of	the	endosperm.	
To	determine	whether	CYCD1;1	 is	 indeed	a	direct	FIS-PRC2	target,	we	analyzed	H3K27me3	 levels	at	
the	 CYCD1;1	 locus	 (coding	 region	 plus	 2.5	 kb	 up-	 and	 downstream	 sequences)	 in	 isolated	 early	
globular	 mea	 and	 wild-type	 embryos	 by	 CUT&RUN	 (Figure	 5H).	 Consistent	 with	 the	 increased	
expression	 of	CYCD1;1,	 H3K27me3	 at	 the	CYCD1;1	 locus	was	 significantly	 reduced	 in	mea	 embryos	
compared	to		the	wild	type,	in	particular	around	the	transcriptional	start	site	and	downstream	of	the	
coding	region	but	also	in	a	region	about	1.8kb	upstream.		
Taken	 together,	 our	 results	 show	 that	 CYCD1;1	 is	 a	 key	 target	 of	 maternal	 MEA	 and	 that	 its	
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DISCUSSION	
PcG	 proteins	 are	 central	 to	 both	 animal	 and	 plant	 development	 (Inoue	 et	 al.,	 2017;	 Raissig	 et	 al.,	
2013),	 but	 through	 which	 target	 genes	 they	 exert	 this	 control	 is	 known	 for	 only	 a	 few	 plant	
developmental	processes	(Goodrich	et	al.,	1997;	Ikeuchi	et	al.,	2015;	Köhler	et	al.,	2003b;	Lodha	et	al.,	
2013).	Although	mutations	affecting	FIS-PRC2	cause	maternal	effect	embryo	abortion	(Grossniklaus	et	
al.,	 1998),	 a	 direct	 role	 of	 PcG	 proteins	 in	 plant	 embryogenesis	 has	 been	 dismissed(Bouyer	 et	 al.,	
2011;	Kiyosue	et	al.,	1999;	Leroy	et	al.,	2007;	Scott	et	al.,	1998).	We	show	that,	 independent	of	the	
genotype	of	the	endosperm,	mea	embryos	develop	severe	patterning	defects	as	a	result	of	abnormal	
cell	 divisions,	 clearly	 demonstrating	 a	 direct	 role	 of	 FIS-PRC2	 in	 embryonic	 patterning.	
Overproliferation	 in	 mea	 embryos	 is	 caused	 by	 derepression	 of	 the	 core	 cell	 cycle	 component	
CYCD1;1,	known	to	promote	the	rate	and	direction	of	cell	divisions	(Forzani	et	al.,	2014;	Meijer	and	
Murray,	2000)	but	is	usually	silenced	in	the	early	embryo	by	H3K27me3	mediated	by	MEA.	CYCD1;1	is	
a	 major	 target	 of	MEA	 as	 its	 overexpression	 in	 the	 wild	 type	 causes	 defects	 reminiscent	 of	 those	




unicellular	 ancestor	 before	 the	 split	 of	 the	 two	 kingdoms.	 Interestingly,	 PRC2	 regulates	 cell	
proliferation	and	pattern	formation	not	only	in	plants	as	shown	here	but	also	in	animals	(O’Carroll	et	
al.,	 2001;	 O’Dor	 et	 al.,	 2006;	 Oktaba	 et	 al.,	 2008;	 Pasini	 et	 al.,	 2004),	 despite	 the	 fact	 that	
multicellularity	evolved	independently	in	these	lineages.	Similarly,	genomic	imprinting	arose	through	
convergent	evolution	in	plants	and	mammals	but	does	exert	growth	control	and	is	partly	regulated	by	
PRC2	 in	 both	 these	 groups	 (Barlow	 and	 Bartolomei,	 2014;	 Ferguson-Smith,	 2011;	 Grossniklaus	 and	
Paro,	2014;	Pires	and	Grossniklaus,	2014).	It	is	possible	that	PRC2	had	an	ancient	role	in	regulating	the	
cell	cycle	in	the	common	ancestor	of	animals	and	plants	and	that	this	module	was	then	exploited	as	
pattern	 formation	 evolved	 in	 multicellular	 organisms	 and	 again	 as	 a	 placental	 habit	 and	 genomic	
imprinting	arose	in	seed	plants	and	mammals,	respectively	(Inoue	et	al.,	2017;	Pires	and	Grossniklaus,	
2014).	 Thus,	 the	 regulation	 of	 cell	 proliferation	 by	 PRC2	 seems	 to	 form	 a	 robust	module	 that	was	
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B.	 Set	 of	 crosses	 performed,	 with	 opened	 siliques	 showing	 developing	 seeds.	 Asterisks	 indicate	
developing	seeds	among	aborting	ones.		














of	 late	heart	 stage	embryos	are	 shown	 from	 left	 to	 right.	The	columella/QC	region	 is	highlighted	 in	
turquoise.		
D-E.	Wild-type	(E)	and	mea	homozygous	(F)	seedlings	grown	on	vertical	plates.	
F-G.	Magnification	of	epidermal	cells	of	 the	primary	root	of	wild-type	 (G)	and	mea	homozygous	 (H)	
seedlings	grown	vertically.		
H-I.	Lugol	staining	of	the	primary	root	tip	of	wild-type	(I)	and	mea	homozygous	(J)	seedlings.	
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A.	 Schematic	 representation	 of	 transcriptome	 analyses	 of	 mea	 homozygous	 versus	 wild-type	
ovaries/developing	seeds.		
B-E.	 Confocal	 microscopy	 images	 of	 embryos	 of	 mea/MEA	 seeds	 expressing	 the	 triple	 cell-cycle	
marker	 line.	 Images	 show	CTD1-CFP	 (G1)	and	H3.1-RFP	 (S+early	G2)	 signals;	M-phase	marker	 is	not		
included.	Inlets	in	bottom	left	corners:	brightfield	images	of	the	embryos	analyzed.		
F.	Quantification	of	the	G1/G2	ratio	in	embryos	of	mea/MEA	seeds.	Pink	circles	are	wild-type-looking,	









C-E.	DIC	microscopy	 images	of	 seeds	 from	mea	cycd1;1	 plants	 showing	a	mea-like	 seed	 (C),	 a	 seed	
with	a	wild-type-looking	embryo	surrounded	by	mea-looking	endosperm	(D),	and	a	seed	with	a	giant	
embryo	(E).	Arrowhead	indicates	uncellularized	endosperm.	
F.	 Schematic	 representation	 of	 cell	 number	 and	 organization	 in	 the	 columella/QC	 region	 in	mea	
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al.,	 2015),	 pPIN7::PIN7-GFP(Vieten	 et	 al.,	 2005)	 (NASC	 ID	 N9577),	 pPLT1::PLT1-YFP(Galinha	 et	 al.,	
2007),	 pBBM::BBM-YFP(Galinha	 et	 al.,	 2007),	 pTMO5::3xGFP(Schlereth	 et	 al.,	 2010),	 pSCR::SCR-
GFP(Wysocka-Diller	 et	 al.,	 2000)	 (NASC	 ID	 N3999),	 pCLV3::GFP-ER	 pWUS::dsRED-N7(Gordon	 et	 al.,	
2007)	 (NASC	 ID	N23895);	cycd1-1	mutant	 (GABI_214D10);	pMEA::MEA-GR(Pires	et	al.,	2016);	PlaCCI	
triple	cell-cycle	marker	line(Simonini	et	al.,	2016).	










subsequently	 in	 destination	 vector	 CZN654	 (based	on	pB7WG2(Karimi	 et	 al.,	 2002)	 but	 adapted	by	
Richard	Immink	with	TagRFP,	a	gift	from	Dorus	Gadella).		
Flowers	around	stage	12	of	 spontaneous	mea-2	 homozygous	 individuals	or	not	DEX-induced	mea-1	










The	WOX5	 promoter	 fragment(Sarkar	 et	 al.,	 2007)	 [1]	was	 cloned	 from	 the	AKS32	 plasmid	 as	 Pst1	
fragment	 into	 the	 ML939	 cloning	 vector	 digested	 with	 Pst1,	 resulting	 in	 pEG126.	 The	 dsREDer	
reporter	with	35s	CaMV	terminator	sequence	was	cloned	from	the	ML878	plasmid	after	SphI	digest,	
blunting	with	T4	DNA	polymerase	and	second	digest	with	XhoI,	into	pEG126	digested	with	SmaI	and	
SalI,	 resulting	 in	 pEG279.	 The	 pWOX5:dsREDer	 expression	 cassette	 was	 cloned	 from	 pEG279	 with	
Pac1	and	Asc1	into	the	binary	plasmid	ML516	digested	with	PacI	and	AscI,	resulting	in	pEG280.		
The	 vectors	 were	 introduced	 into	 Agrobacterium	 tumefaciens	 strain	 GV3101,	 and	Wild	 type	 Col-0	
plants	transformed	following	the	floral	dip	method(Clough	and	Bent,	1998).	At	least	20	independent	
transgenic	 lines	were	generated	and	examined	for	expression	pattern,	using	the	pWOX5:GFP	line	as	
control.	 The	 line	 analyzed	 here	 is	 T4	 generation	 homozygous	 lines	 with	 medium/high	 expression.	
Ectopic	expression	observed	outside	the	QC	area	is	a	direct	consequence	of	the	ability	of	the	dsRED	
protein	 to	make	multimers	 that	 can	be	highly	 stable.	 Since	 the	QC	cells	 can	divide	 to	 replace	dead	
stem	cells	bordering	the	QC,	sometime	dsRED	signal	can	be	seen	in	areas	neighboring	the	QC,	in	our	
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Siliques	were	 fixed	o/n	 in	 fixative	 (Ethanol:Acetic	Acid	9:1	v/v)	at	 room	temperature.	The	 following	
day,	the	fixative	was	replaced	with	Ethanol70%.	Seeds	were	isolated	from	the	valves	and	mounted	in	
Hoyer’s	 solution	 (Chloral	Hydrate:Water:Glycerol	 10:2,5:1	w/v/w)	 and	 left	 to	 clear	 overnight.	 Small	
seeds	required	only	a	few	hours	of	clearing.	Images	were	taken	with	a	Leica	DM6000B	or	Zeiss	DMR	










The	pCYCD1;1-NLS-3xVenus-3’UTR	marker	 line	 includes	 the	 promoter	 region	 (5476	 bp	 upstream	 of	
the	ATG)	and	the	3’UTR	(4349	bp	downstream	of	the	stop	codon)	of	the	CYCD1;1	locus	(At1g70210).	
The	promoter	and	3’UTR	 fragment	were	assembled	as	Golden	Gate	module	 together	with	 the	NLS-
localization	 signal	 and	 the	 3X-Venus,	 in	 a	 pPZP222	 vector	 modified	 to	 accept	 Golden	 Gate	
modules(Bencivenga	et	al.,	2016).	
For	the	pRPL18::CYCD1;1	transgenic	line,	the	RPL18(Yan	et	al.,	2016)	promoter	was	cloned	as	Golden	




















.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 
The copyright holder for thisthis version posted October 14, 2020. ; https://doi.org/10.1101/2020.10.13.338707doi: bioRxiv preprint 
 12 
with	the	following	PCR	protocol:	98˚C	x	3min,	[98˚C	x	10sec;	59˚C	x	20sec;	72˚C	x	20sec]x15	cycles.	For	
ddPCR,	 5µl	 of	 pre-amplified	 DNA	 were	 used	 in	 duplex	 assays	 GFP/Control	 and	 RFP/Control.	 Assay	
conditions:	500nM	primers,	200nM	probes,	and	QX200	ddPCR	Probe	no	dUTPS	Supermix	 (BioRad	).	
The	 PCR	 protocol	 was	 the	 manufacturer’s	 recommendation	 for	 Probe	 assays		 (95˚C:	 10min,	94˚C	
30s,	Ramp	2.5˚C/s,	 60˚C	 1min,	 Ramp	2.5˚C/s[40	 cycles],	 98˚C	 10min,	4˚C	 until	 further	
process).	Fluorescence	was	 detected	with	 the	QX200	droplet	 digital	 reader	 (Bio-Rad),	 and	 analyzed	
with	the	provided	Quanta	Soft	version	1.7	software.	Presence	of	each	gene	was	calculated	relative	to	




down	movements	 to	 release	 the	 embryos.	 Collection	 time	 did	 not	 exceed	 15min.	 The	 sample	was	
then	passed	through	a	100µm	pore-size	cell	strainer	(CellTrics)	to	remove	excess	of	debris.	The	flow-
through,	containing	the	embryos,	was	collected	in	a	small	plastic	rectangular	box	with	low	walls	(we	
used	 the	 lid	 of	 the	 8-well	 Tissue	 Culture	 Chambers	 REF94.6190.802,	 SARSTEDT).	 Embryos	 were	











times	with	 a	 single-tube	 tissue	 grinder	 (Silamat	 S6).	 The	RNA	extraction	was	done	with	 the	Qiagen	
RNeasy	Plant	Mini	extraction	kit,	and	subsequently	treated	with	Turbo-Dnase	(Ambion)	following	the	
manufacturer’s	 protocol.	 cDNA	 synthesis	 was	 performed	 using	 the	 Maxima	 Reverse	 Transcriptase	
(Invitrogen)	 and	OligodT	 (Invitrogen)	 following	 the	manufacturer’s	protocol.	 5µl	of	 a	1:2	dilution	of	
cDNA	 were	 then	 used	 for	 ddPCR	 assays	 CYCD1;1/UBI21,	 with	 100nM	 final	 concentration	 of	 each	
primer,	in	a	total	reaction	volume	of	25µl,	20	of	which	were	used	to	generate	droplets	in	1X	Master	





The	 following	 tissue	 was	 harvested	 for	 the	 three	 different	 stages:	 i)	 ovaries	 two	 days	 after	
emasculation	 (style	 and	 stigma	 were	 removed),	 ii)	 developing	 seeds	 1-2	 days	 after	 pollination	
(dissected	 from	siliques),	and	 iii)	developing	seeds	4	days	after	pollination	 (dissected	 from	siliques).	
Three	 independent	 biological	 replicates	were	 generated	 for	 each	 tissue/genotype	 combination.	For	
each	 replicate,	 the	 isolated	 tissue	were	 frozen	 in	 liquid	 nitrogen,	 ground	 to	 a	 fine	 powder	 using	 a	
pestle	and	incubated	for	10	minutes	in	450	µl	of	a	solution	containing	2%	CTAB,	100	mM	Tris-HCl	pH	
8.0,	25	mM	EDTA,	2M	NaCl	and	2%	ß-mercaptoethanol.	This	suspension	was	then	mixed	with	ice-cold	
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The	 RNA	 pellet	 was	 washed	 with	 70%	 ethanol	 and	 resuspended	 in	 30	 µl	 RNAse	 free	 water	
and	quantified	 using	 the	 Qubit.	 The	 Turbo	 DNA	 free	 kit	 (Ambion	 AM1907)	 was	 used	 to	 remove	
DNA.	Total	RNA	samples	were	polyA	enriched	and	reverse-transcribed	into	double	stranded	cDNA.	
Sequencing	 libraries	were	 generated	 using	 the	TruSeq	 RNA	 Sample	 Prep	 Kit	 v2	 (Illumina).	 Libraries	
were	 normalised	 and	 pooled	 using	 TruSeq	 index	 adapters	 and	 sequenced	 using	 single	 reads	 in	 a	
Illumina	HiSeq	2000	sequencer	at	the	Functional	Genomics	Centre	Zurich.	Low	quality	read	ends	were	
clipped	 and	 reads	 were	 mapped	 to	 the	 TAIR	 reference	 genome	 with	 TopHat.	 Differential	 gene	
expression	was	performed	using	DEseq2.	For	the	differential	gene	expression	analysis	between	wild-
type	and	mea	 samples,	only	genes	 for	which	more	 than	4	 counts	per	million	were	present	 in	most	











PI	 staining	 of	 primary	 root:	 seedlings	 were	 incubated	 for	 10min	 in	 Propidium	 Iodide	 solution	 at	 a	






Inhibitor	 Cocktail	 (ROCHE).	 A	 total	 of	 3500	 embryos	were	 collected	 around	 the	 globular	 stage	 per	
replicate	per	genotype	(wild-type	and	mea).	CUT&RUN	has	been	performed	in	triplicate	following	the	
protocols	 reported	 by	 Zheng	 and	 Gerhing,	 2019	 and	 Skene	 et	 al.,	 2018,	 with	 some	 minor	




machine,	 in	a	 technical	 triplicate,	on	384-well	plates	 (LightCycler	480	white	plates	and	sealing	 foils,	
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B.	 Images	of	 cleared	 seeds	derived	 from	 the	double	pollination	of	mea	 pistils.	Wild-type	embryo	 is	
surrounded	by	uncellularized	endosperm.		
C.	Appearance	of	developing	seeds	(up)	and	dried	seeds	(bottom)	in	double	pollination	of	mea	pistils.	
The	 developing	 embryo	 (arrow	 head)	 is	 visible	 in	 big	 and	 swollen	 seeds,	 a	 phenotype	 that	 is	
characteristic	of	mea	seeds.	Small	seeds	are	the	ones	derived	from	full	rescue	by	the	MEA-rescue+RFP	
pollen	(asterisk).		










D.	Quantification	of	 the	number	of	 cells	 in	 the	 columella/QC	 region	 in	 embryos	 at	 late	heart	 stage	
showing	a	wild-type	or	mea	phenotype.	
E.	 Lugol	 staining	 and	 Propidium	 Iodide	 staining	 of	 root	 tips	 of	 wild-type	 and	 mea	 homozygous	









B.	 Quantification	 of	 aberrant	 versus	 wild-type	 expression	 patterns	 in	 mea/MEA	 pPIN7::PIN7-GFP	
seeds.	
C.	 Quantification	 of	 aberrant	 versus	 wild-type	 expression	 patterns	 in	 mea/MEA	 pPLT1::PLT1-YFP	
seeds.	
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B.	 Percentage	 of	 embryos	 from	 mea/MEA	 seeds	 showing	 altered	 pCYCD1;1::NLS-3xVenus-3’UTR	
expression	patterns.	
C.	 Confocal	 images	 of	 pCYCD1;1::NLS-3xVenus-3’UTR	 marker	 line	 showing	 its	 wild-type	 expression	
pattern	 in	embryos	 from	the	globular	 to	mature	 stages,	a	magnification	of	 the	 root	 tip	 showing	no	
expression	in	the	QC,	and	a	seed	showing	expression	only	in	the	sporophytic	tissues.		





A.	 DIC	 analyses	 of	 mea	 cycd1;1	 seeds,	 showing	 enlarged	 embryos	 surrounded	 by	 defective	
endosperm.	
B-E.	Quantification	of	the	number	of	cells	in	the	columella/QC	region	in	embryos	at	the	globular	(b),	
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